Background: Anatomic anterolateral ligament (ALL) reconstruction has been proposed to assist anterior cruciate ligament (ACL) reconstruction in controlling anterolateral rotational laxity of the knee. However, the biomechanical effects have not been reported.
Critical analysis of the outcomes of anterior cruciate ligament (ACL) reconstruction has demonstrated that rotational laxity may persist, even in the face of satisfactory patient-reported outcome measures. 8 Large, prospective registry-based studies such as those from Scandinavia, as well as prospective cohort studies such as those from the Multicenter Orthopaedic Outcomes Network (MOON) group, have shown that isolated ACL reconstruction has failure rates reported to be between 1.8% and 14%. 8, 26, 39, 42 However, these studies are based on hard endpoints of revision surgery and therefore likely underreport the actual failure rate (because of a lack of control of rotational laxity) of the procedure.
Although anatomic ACL reconstruction restores the internal rotational laxity and anterior translation of the knee at time zero in a cadaveric model, 6, 22 a number of metaanalyses have demonstrated a high percentage of patients with a positive pivot-shift test result postoperatively. 27, 29 The pivot-shift test is an integral test in identifying anterolateral rotational laxity of the knee and is an essential component of assessing the degree of laxity after an ACL injury and subsequent reconstruction. Ayeni et al 3 showed that a positive pivot-shift test result correlates with worsening functional outcomes after ACL reconstruction and therefore could have an effect on longer term outcomes.
In attempting to improve function and restore rotational stability of the knee, the technique of ACL reconstruction has evolved significantly over the past 15 years. 13 Technique modifications such as double-bundle and anatomic reconstruction have been developed with the aim to better restore ACL footprint anatomy and biomechanics, as popularized by a number of researchers, 10, 13, 23, 30, 31, 43 with resulting kinematics being shown to be similar to that of the intact ACL state at time zero. 22 However, these techniques have also reported higher rates of failure, hypothesized to result from an increase in graft forces when they are placed in more anatomic positions. These findings have led researchers to reexamine the peripheral structures of the knee, with the emergence of the anterolateral ligament (ALL) as a key structure for further investigation (Figures 1 and 2) .
The ALL has been identified by a number of authors in anatomic and imaging studies, but the clinical relevance of this structure has yet to be fully determined. 7, 18, 19, 36, 40 Although originally described by Vincent et al, 41 it rose in recognition after an anatomic description by Claes and colleagues. 9 Functionally, it has been suggested that the ALL assists the ACL as a secondary stabilizer to internal rotation and anterior translation, thereby reducing rotational laxity and the pivot shift. 11, 18, 19, 40, 41 However, even though there is a lack of biomechanical data clearly defining its role in knee kinematics, so-called anatomic ALL reconstructions have been developed and are in clinical use. 2 Interestingly, the concept of anterolateral capsule reconstruction is not new, having been described more than 3 decades ago. 35, 37 Recognizing that the anterolateral capsule has a role in controlling knee stability, a number of authors developed procedures to reduce anterolateral instability by way of lateral extra-articular tenodesis (LET). 20, 24, 25, 32 Although early isolated procedures performed poorly, good results were reported when combined with intra-articular ACL reconstruction. 28 Such a combined approach may reduce rotational laxity and support an ACL graft, thus potentially reducing ACL failure rates.
Concerns regarding the nonanatomic nature of the technique and the potential to overconstrain the knee by LET have been raised. To date, however, no studies have compared the effect of LET versus a more anatomic ALL reconstruction in its ability to control anterolateral laxity.
Therefore, the objectives of this study were to (1) investigate the clinical effect of ALL transection after a simulated ACL rupture, by way of an early-phase pivot-shift assessment utilizing cadaveric biomechanical analysis and optical tracking software, and (2) examine 2 different surgical procedures, anatomic ALL reconstruction and LET, to determine if either procedure is capable of reducing anterolateral rotational laxity in an ACL-deficient knee. The hypothesis was that anatomic ALL reconstruction would control anterolateral rotational laxity better than the older LET.
METHODS
All cadaveric specimens were obtained with permission from the body bequeathal program at Western University, London, Ontario, Canada, in accordance with the Anatomy Act of Ontario and Western's Committee for Cadaveric Use in Research, #21052013. This study was registered at ClinicalTrials.org (NCT02018354).
Specimens and Experimental Setup
A custom-designed hip simulator was used to test 12 (8 male) fresh-frozen (nonpaired), cadaveric knee specimens with a mean 6 SD donor age of 74 6 12 years. The Figure 1 . Anatomic dissection of the lateral side of the right knee, indicating the position of the anterolateral ligament (ALL) in relation to the fibular collateral ligament (FCL). The femoral origin of the ALL can be seen to insert posterior and proximal to the FCL, as described by Caterine et al. 7 The tibial insertion is based midway between the anterior border of the fibular head and the posterior border of the Gerdy tubercle, 6.5 mm distal to the joint line. 9 specimens were sectioned at the midfemur and midtibia, leaving all ligaments and soft tissues about the knee intact. The specimens were thawed at room temperature for 24 hours before testing, and the proximal and distal 5 cm of the soft tissues overlying the femur and tibia were removed to allow for potting into sections of polyvinyl chloride via dental cement (Denstone dental cement; Hareaus Holdings GmbH). The potted section of the femur was inserted into the hip simulator that consisted of a ball and socket joint rigidly attached to a 1.27-cm Delrin plastic (DuPont) table, allowing for the motions about the hip to be simulated ( Figure 3 ). The hip simulator could also be locked in place to accommodate the different types of testing (see experimental protocol below). Finally, the distal tibia pot was attached to a 6-degrees-of-freedom load cell (Advanced Mechanical Technology Inc) with a measurement accuracy to 10 N and 0.14 NÁm.
Two rigid Optotrak smart markers (Optotrak Certus; Northern Digital Inc) were inserted into the proximal femur and distal tibia via orthopaedic bone pins. The smart markers allowed the motion of the tibia with respect to the femur to be tracked during the biomechanical tests with a measurement accuracy of 0.1 mm ( Figure 3 ). A series of points on the femur and tibia were digitized to create bone coordinate systems, and the joint coordinate system method was used 15 to calculate 3-dimensional kinematics about the knee joint ( Figure 3 ).
Sectioning Protocol
The sectioning protocol is outlined in Figure 4 . The specimens were tested in the following sequence: (1) intact ACL (ACL intact ), (2) partial ACL injury (ACL amb ; the anteromedial bundle of the ACL was sectioned), (3) full ACL injury (ACL full ; complete sectioning of the ACL), (4) ALL sectioned (ALL sec ; complete sectioning of the ALL), (5) anatomic reconstruction of the ALL (ALL anat ), and (6) LET.
Anterolateral Reconstructions
The anatomic ALL reconstruction technique incorporated a FiberTape secured with 4.75-mm Swivelock anchors (both from Arthrex Inc) attached to a femoral origin (lateral epicondyle) and tibial insertion point (halfway between the posterior aspect of the Gerdy tubercle and anterior aspect of the fibular head) (see Appendix Figure A1 , available in the online version of this article at http://ajsm.sagepub.com/supplemental). 2, 9 The tibial anchor and tape were inserted first, with the tape then passing under the iliotibial band (ITB) up to the femoral insertion. With the knee held at 70°of flexion, the tape was held taut with minimal tension, and the second Swivelock anchor was inserted, securing the FiberTape construct.
LET was a modified Lemaire technique using a 10 mmwide strip of the posterior fibers of the ITB, measuring 8 cm in length, left attached at the Gerdy tubercle, with the free end passed under the fibular collateral ligament (FCL) (see Appendix Figure A2 , available online), which was attached to the femur with a staple and reinforced by suturing onto itself. As is performed in the clinical scenario, the graft was held taut with minimal tension, and fixation was applied at 70°of knee flexion, thereby creating a tenodesis effect when the knee would come into extension.
Testing Protocols
After each sectioning state, a fellowship-trained orthopaedic surgeon (L.S.) performed 3 clinical tests: (1) a pivotshift test (hip simulator unlocked, allowing simulated hip motion), (2) an anterior drawer test (hip simulator locked), and (3) a Lachman test (hip simulator locked). All clinical tests were graded using the 3-point International Knee Documentation Committee (IKDC) scale, respective of each assessment. 17 With the hip simulator in the locked position and the knee in full extension, a combined 5- NÁm internal rotation moment and a 10-NÁm valgus force were applied to the tibia, thus creating a simulated early-phase pivot shift, enabling the accurate measurement of coupled anterior translation and internal rotation. 6, 22 Finally, the anterior drawer and Lachman tests were performed again by applying a 90-N load to the posterior and anterior aspects of the tibia using a tensiometer, enabling the measurement of respective translations. 22 
Data Analysis and Statistics
To account for any viscoelastic effects of the tissues, the simulated early-phase pivot-shift test was performed 3 consecutive times, and the mean internal rotation and anterior translation at 5 NÁm were used for further analysis. Similarly, the mean anterior translation at 90 N of the 3 trials for the anterior drawer and Lachman tests was used for comparisons across conditions. The accurate measurement of the rotations and translations that corresponded to the desired force targets was accounted for in postprocessing of the data. A custom-written data analysis program (LabView 2010; National Instruments Corp) was designed to determine the kinematic variable that corresponded precisely to the respective load target. Furthermore, intraclass correlation coefficient (ICC) analysis showed that this testing system produced reliable internal rotations (ICC, 0.977) and anterior translations (ICC, 0.966) across the 3 load applications for the intact state, with errors \1°and 1 mm, respectively.
A Friedman test was performed to determine if clinical grading of the knee was affected by the different conditions. Multiple comparisons were analyzed with a Wilcoxon signed-rank test with a Bonferroni adjustment. A 1-way repeated-measures analysis of variance (6 conditions) was used to determine if the kinematic variables were significantly affected by the condition of the knee, and post hoc tests were performed with a Bonferroni adjustment. a was set at .05 for all statistical tests with adjustments made for the Bonferroni correction; SPSS statistical software (v21; IBM Corp) was used.
RESULTS

Clinical Tests of Sectioning
The grades for all 3 clinical tests (anterior drawer, Lachman, and pivot shift) were significantly affected by the condition of the knee (P \ .001), and all 3 had a significant increase in IKDC grading between the ACL intact and the ACL full and ALL sec states ( Figure 5 ). However, there were no significant differences in clinical grading between the ACL full and ALL sec states for any of the 3 clinical tests ( Figure 5 ).
Clinical Tests of Reconstruction
With respect to the anterior drawer test, LET significantly decreased the IKDC grade compared with ACL full , ALL sec , and ALL anat ( Figure 5A ). A similar trend was also noted for the Lachman test in which LET significantly decreased the clinical grade compared with ACL full , ALL sec , and ALL anat ( Figure 5B ). Furthermore, there was a significant decrease in the clinical grade for the pivot-shift test between LET and ALL sec only ( Figure 5C ).
Clinical Biomechanics of Sectioning
With respect to the biomechanical anterior drawer test, under 90 N of load, the mean anterior translation of the tibia with respect to the femur was significantly greater when the ACL was fully sectioned compared with the ACL intact (P = .007) and ACL amb (P = .025) states (Table  1 ). There was no significant difference between ACL full and ALL sec (P = .735). For the Lachman test, ACL full and ALL sec both resulted in significantly greater anterior translation compared with the intact knee (P = .01 and P = .001, respectively); however, there were no significant differences between ACL full and ALL sec (P = .11) ( Table 1 ). There was also no significant difference between ACL amb and ACL full (P = .434); however, once the ALL was sectioned, a significantly greater anterior translation resulted in comparison to ACL amb (P = .041) ( Table 1) . During the simulated early-phase pivot-shift test, with the knee in a fully extended position and a 5-NÁm internal rotation moment applied, internal rotation increased significantly from the ACL intact state to when the ACL was fully sectioned (P \ .005) ( Figure 6 ). Importantly, a further significant difference between the ACL full and ALL sec states was observed (P = .022) ( Figure 6 ). The ALL sec state was also significantly greater than the ACL amb state (P = .008) ( Figure 6 ).
Clinical Biomechanics of Reconstruction
With respect to the biomechanical anterior drawer test, there was a significant 33%, 30%, and 25% decrease in anterior translation after LET compared with ACL full (P = .003), ALL sec (P = .031), and ALL anat (P = .012), respectively (Table 1) . For the Lachman test, ALL anat (P = .006) and LET (P = .002) resulted in significantly greater anterior translation compared with the intact state, indicating that the knee was not overconstrained with either technique. There were no significant differences between the 2 reconstruction techniques (P = .827) ( Table 1) .
When analyzing the results of the simulated earlyphase pivot-shift test, anatomic ALL reconstruction did not result in a significant reduction in internal rotation or anterior translation compared with all other sectioning states ( Figure 6 ). After LET, a non-statistically significant decrease in internal rotation was noted (P = .640). However, a significant decrease in anterior translation was found compared with ALL sec (P = .006) ( Figure 6 ).
DISCUSSION
This study has demonstrated that the ALL does play a role in assisting the ACL in controlling anterolateral rotation. Serial sectioning of the ACL bundles, followed by the ALL, resulted in an increase in clinical laxity grading of the Lachman, anterior drawer, and pivot-shift tests. A constant increase in anterior translation and internal rotation was also noted during the simulated early-phase pivotshift test (ie, when the knee was at full extension), during which sectioning of the ALL resulted in a statistically significant increase in internal rotation compared with the fully sectioned ACL state; however, no other statistically significant differences were noted between sectioning of the complete ACL and the ALL across all other test conditions.
The results suggest that the ALL has an effect on controlling anterolateral laxity; however, the magnitude of this effect appears to be relatively small. For example, although internal rotation increased significantly between the ACL full and ALL sec states during the simulated earlyphase pivot-shift test, the magnitude of the increase was only 2°. Therefore, questions arise regarding the clinical significance of these findings. These data would therefore support the hypothesis that the ALL acts as a secondary stabilizer, in combination with the ACL as the primary stabilizer, to anterolateral rotation.
The anatomic ALL reconstruction used in this study had little effect on controlling rotation. However, anatomic placement of the ALL reconstruction may also have had an effect on the results observed. Claes et al 9 reported that the embalmed, cadaveric ALL femoral origin was anterior and distal to the femoral epicondyle, with the ligament noticed to lengthen during flexion. This work was the basis of an unpublished anatomic ALL reconstruction that was developed and is currently in clinical use. 2 It is this description that was used as the landmarks for the anatomic ALL reconstruction performed in the current study.
A concern is that if the ALL originates anterior and distal to the knee's center of rotation, it is possible that the reconstruction will become tight in flexion and could restrict the motion of the knee. Therefore, while it is important that the ALL be tensioned at its maximal length (flexion) to prevent overconstraining the knee (ie, capturing the knee in extension, thereby reducing flexion or reducing the normal amount of physiological translation), this may prevent function of the ALL during the first 30°to 40°of flexion because of subsequent laxity in the construct. The Figure 6 . Comparison of the mean internal rotation and anterior translation across conditions. Error bars represent 6SD. ACL intact , intact anterior cruciate ligament (ACL); ACL amb , anteromedial bundle of ACL sectioned; ACL full , complete ACL sectioned; ALL sec , anterolateral ligament (ALL) sectioned; ALL anat , anatomic ALL reconstruction; LET, lateral extra-articular tenodesis. a Significantly different from intact. b Significantly different from ACL amb . c Significantly different from ACL full . d Significantly different from ALL sec . Values are reported as mean 6 SD. ACL intact , intact anterior cruciate ligament (ACL); ACL amb , anteromedial bundle of ACL sectioned; ACL full , complete ACL sectioned; ALL sec , anterolateral ligament (ALL) sectioned; ALL anat , anatomic ALL reconstruction; LET, lateral extraarticular tenodesis. anatomic reconstruction used in this study was therefore disappointing in its ability to control for rotational and translational knee laxity, thereby rejecting the hypothesis of the study. Further work is required to investigate the effect of different anatomic femoral positions of ALL reconstruction.
Work published by Caterine et al 7 demonstrated that there was some degree of variability in the femoral origin of the ALL. In their study, 50% of the cadaveric specimens were noted to have a more proximal and posterior origin, while some had a slightly more anterior and distal origin, similar to the description of Claes et al. 9 On the basis of the fact that a length change was noted to occur in flexion, 11 and that the graft performs optimally in a more extended position, we hypothesized that a graft placed more posteriorly to the lateral femoral epicondyle would have a greater mechanical advantage. Furthermore, if the graft was placed deep to the FCL, as in modified Lemaire LET, 24 the epicondyle would act as a fulcrum for all forces generated from the graft. Many other lateral extra-articular procedures such as the MacIntosh technique also employ the lateral epicondyle as a fulcrum by passing the graft deep to the FCL. The modified Lemaire technique is used by the senior author (A.G.) in clinical practice, and therefore, it was this technique that was chosen as the comparator to the anatomic ALL reconstruction in the current study.
Proving the hypothesis to be incorrect, it was LET that was found to be superior in terms of its effect on controlling anterolateral rotational laxity and anterior translation compared with ALL reconstruction. The results indicated a statistically significant improvement in rotational control (as measured by anterior translation and internal rotation in extension) as well as clinical grading. This would suggest that LET produces a composite effect, mimicking the actions of both the ACL and ALL. The effect of this may be highly advantageous to ACL reconstruction by shielding forces across the graft during high load-inducing pivoting movements.
Engebretsen et al 12 demonstrated the biomechanical advantage that LET provides by offloading the intraarticular graft. Here, it was shown that the loads within an ACL graft can be reduced by 43% because of load sharing that occurs between the ACL and LET. 12 Noyes and Barber 28 have also demonstrated the benefits of LET in augmenting ACL reconstruction. These authors reported a reduction in residual pivot shift compared with an ACL alone in a group of allograft ACL reconstruction. This may be important, as Tashman et al 34 demonstrated that isolated ACL reconstruction failed to restore normal rotational kinematics during dynamic loading, as demonstrated during downhill running. Furthermore, an increase in the degree of chondral degeneration was demonstrated by Haughom et al, 16 when abnormal kinematics were present after ACL reconstruction. Anderson et al 1 performed a similar randomized study to that of Noyes and Barber. 28 While they found a reduction in rotational laxity, they also observed a degree of overconstraint of anterior translation, as measured on a KT-1000 arthrometer. It is important to note, however, that the lateral extra-articular procedure used in that study involved fixing the graft with the tibia in an overreduced externally rotated position. An important finding in the current study was that LET was not found to overconstrain the knee past the intact ACL state, the effect of which may have been negated by tensioning at 70°of flexion with neutral tibial rotation.
The ALL is not the only structure that may have an effect in aiding anterolateral laxity control. Lateral meniscus posterior root tears, and more recently, meniscocapsular separations of the medial meniscus, have all been implicated in causing a greater degree of rotational laxity in combination with ACL injuries. 5, 33, 38 The ITB may also have a significant effect in controlling the anterolateral aspect of the joint. What these structures all have in common is their relationship to the periphery of the joint, as opposed to the central pivot position of the ACL. Their position provides them with a greater mechanical advantage compared with the ACL in controlling rotation because of the lever arm created by being further away from the central pivot. It is therefore clear that a greater emphasis should be placed on addressing peripheral deficiencies, if the results of ACL reconstruction are to be improved.
As with other studies of this nature, there are a number of limitations that should be acknowledged. Because of the availability of cadaveric tissue, the age of the cadaveric knees used does not match that of the normal ACL reconstruction patient population. Although some of the specimens were noted to have mild arthritic degeneration, which potentially could have altered the normal capsular behavior in terms of its response to the applied loads, these accounted for only 20% of the specimens tested. Cadaveric bone quality may have been a factor in regards to the ALL reconstruction used. Although the FiberTape reconstruction provided a consistent graft size and stiffness, the cadaveric bone quality may have affected the fixation strength. Furthermore, all of the reconstructions were performed in an ACL-deficient knee. Although current anatomic ACL reconstruction techniques restore normal kinematics of the knee at time zero, 6, 22 clinical studies have shown the progression of anterolateral laxity, which is not appreciated at the time of reconstruction, suggesting that the grafts stretch over time. Apart from the study by Engebretsen et al, 12 most time zero biomechanical studies have failed to show any advantage of LET in combination with ACL reconstruction likely because of the aforementioned ability to restore normal kinematics in the cadaveric setting with modern ACL reconstruction alone. 6 While performing anterolateral reconstructions in isolation does not mimic the clinical scenario, it does better test the efficacy of those specific structures, the results of which can then be potentially translated to the clinical setting. Importantly, we do not advocate using an anterolateral reconstruction in isolation. If deemed to be clinically indicated, it should always be combined with ACL reconstruction.
Lastly, the loads and moments were applied to the knee manually by a single researcher. Although the use of a 6degrees-of-freedom robot may have reduced the SDs measured in each variable and may have made the results more likely to achieve statistical significance, this would not necessarily have made the results more clinically applicable. With that being said, the SDs measured are within reasonable limits, as seen in other similar studies, which have used a 6-degrees-of-freedom robot. 21 One of the major strengths of the study was the use of a custom-designed hip simulator that allowed the femur to be externally rotated under gravity control that permits the pivot shift to occur. 25 The hip simulator also enables differential movement of both the tibia and femur during the clinical testing protocols. The pivot shift is a complex clinical maneuver; however, in terms of biomechanical testing, broken down in its simplest form, it is a coupled motion of anterior translation and internal rotation. 4 These measurements in what was termed the ''early-phase pivot shift'' were therefore used to assess the degree of laxity after each sectioning state. Because of the fact that realtime optical tracking could not be visualized, the assessor was essentially blinded to the effect of each condition, and therefore, studies that have used real-time optical tracking may be biased because of the kinematic curve that can be generated during the applied loads.
CONCLUSION
This study found that the ALL serves a role in controlling anterolateral rotational laxity in cadaveric specimens. While the ALL reconstruction used in this study showed little effect in improving rotational stability of the ACLdeficient knee, LET did have an effect in controlling both anterior and rotational laxity. Further investigation on the role of LET with ACL reconstruction is required to examine whether this effect could be clinically beneficial. A randomized clinical trial comparing the failure rates of ACL reconstruction, with or without LET, may shed some light on this important issue. 14 
